Purpose To identify peri-operative risk factors and time to onset of pancreatic endocrine/exocrine insufficiency. Methods We retrospectively analyzed a single institutional series of patients who underwent pancreaticoduodenectomy (PD) or distal pancreatectomy (DP) between 2000 and 2015. Endocrine/exocrine insufficiencies were defined as need for new pharmacologic intervention. Cox proportional modeling was used to identify peri-operative variables to determine their impact on postoperative pancreatic insufficiency. Results A total of 1717 patient records were analyzed (75.47% PD, 24.53% DP) at median follow-up 17.88 months. Average age was 62.62 years, 51.78% were male, and surgery was for malignancy in 74.35% of patients. Post-operative endocrine insufficiency was present in 20.15% (n = 346). 
Introduction
Pancreatectomy is a common treatment modality for both benign and malignant pathologies. As a result of innovations both in surgical techniques and peri-operative patient care, mortality rate of pancreatectomy has been reduced drastically. 1 However, morbidity remains around 45%. [1] [2] [3] In addition to short-term post-operative morbidities, such as pancreatic fistula and delayed gastric emptying, long-term morbidities including endocrine and exocrine insufficiency are frequently encountered and can severely impact quality of life and overall health outcomes.
Pancreatogenetic diabetes mellitus (DM) or escalation of DM in the post-operative period can have lifelong implications with diabetic complications affecting multiple organ systems. The nutritional consequences of exocrine insufficiencies including fat malabsorption, micronutrient deficiencies, and altered bowel function must not be overlooked. Additionally, functional outcomes of pancreatic insufficiencies have a significant impact on quality of life.
insufficiency. These procedures are used in select cases of benign and pre-malignant lesions and have been associated with increased post-operative morbidity, particularly pancreatic fistulas, but preserved endocrine and exocrine pancreatic function. 5 Pancreaticoduodenectomy (PD) and distal pancreatectomy (DP) remain the most common form of pancreatic resection compared to parenchymal-preserving procedures due to superior oncologic outcomes and decreased postoperative complications, specifically of pancreatic fistula. [6] [7] [8] Long-term pancreatic function after pancreatectomy is not well described but is important for both pre-operative risk assessment and counseling with both short-and long-term health consequences. The objective of this study was to identify risk factors for pancreatic endocrine and exocrine insufficiency after pancreatectomy and establish time to onset of clinically relevant symptoms to determine the appropriate follow-up period.
Materials and Methods
We performed a retrospective review of a prospectively maintained database of patients who underwent PD or DP at a single high-volume tertiary-care center between January 2000 and December 2015. Patients were excluded if data were missing for post-operative endocrine or exocrine insufficiency, or in the case of in-hospital mortality. Patients who were receiving pancreatic enzyme replacement therapy preoperatively and those who were diagnosed with diabetes within 3 months leading up to surgery were analyzed as separate groups. Approval for the study was obtained from the Washington University Institutional Review Board.
The demographic and peri-operative clinical variables of interest included age, gender, race, body mass index (BMI) (analyzed as a continuous variable), history of tobacco use, heavy alcohol use (defined as more than 7 drinks/day by the North American Pancreatitis Study Group), 9 personal history DM (type 1-insulin dependent DM [IDDM], type 2-IDDM, and type 2-non-insulin dependent DM [NIDDM]), history of acute or chronic pancreatitis, family history of DM, preoperative symptoms (including steatorrhea, jaundice, abdominal pain, and weight loss), and laboratory data (including albumin and bilirubin analyzed as continuous variables), malignant or benign diseases, and surgical approach (PD or DP).
Clinical characteristics were summarized using descriptive statistics. Pancreatic endocrine insufficiency was defined as the need for new pharmacological intervention on discharge from hospital of oral hypoglycemic medications or insulin. More specifically, the definition of endocrine insufficiency was categorized into one of three scenarios: no DM to type 2-NIDDM (requiring oral hypoglycemic treatment), no DM to type 2-IDDM (requiring insulin therapy), or type 2-NIDDM to type 2-IDDM (transition from oral hypoglycemic treatment to insulin therapy). This was determined at outpatient followup, thus eliminating the peri-operative period where many patients require insulin short term while IV fluids and diet are being adjusted. We were unable to account for escalation of insulin dosing in patients who required insulin therapy preoperatively, as records reviewed did not have this complete information. Institutional practice is in adherence with the American Diabetes Association and thus results should be universally applicable.
Pancreatic exocrine insufficiency was defined as the need for new pharmacological intervention in the form of supplemental pancreatic enzymes. This was based on clinical assessment of the patient at the time of hospital discharge or clinic evaluation based on gastrointestinal function and stool characteristics consistent with pancreatic exocrine insufficiency (excessive gas, bloating, steatorrhea).
Time to endocrine insufficiency was defined as days from operative procedure to clinical diagnosis and treatment of endocrine insufficiency. Patients without endocrine insufficiency were censored at the last follow-up. Similarly, time to exocrine insufficiency was defined as days from operative procedure to clinical diagnosis and treatment of exocrine insufficiency. Patients without exocrine insufficiency were censored at the last follow-up.
Probabilities of endocrine insufficiency and exocrine insufficiency were calculated using cumulative incidence curves. 10 Differences between strata were determined by log-rank tests. 11 Cox proportional-hazard models were used to evaluate the relationship of select variables including pre-op and intraop factors for endocrine insufficiency and exocrine insufficiency analysis, respectively. 12 The proportionality assumption was tested by adding a time-dependent covariate for each variable. The variables with p < 0.20 from univariate models were considered in the multivariate model. The final multivariate model was built using the backward stepwise selection approach to identify all significant risk factors. 13 Factors significant at a 10% level were kept in the final model. All statistical tests were two-sided using an α = 0.05 level of significance. SAS Version 9.4 (Cary, NC) was used to perform all statistical analyses.
Results
A total of 1866 patients underwent pancreatic resection from January 2000 to December 2015. From this total, 149 patients were excluded for pre-operative pancreatic enzyme replacement (n = 60, analyzed as a separate group), missing postoperative endocrine or exocrine insufficiency data (n = 22), and post-operative 30-day mortality (n = 67). A total of 1717 patients remained and made up the study cohort: 75.47% (n = 1296) PD, 24.53% (n = 421) DP. The average age was 62.62 years (SD = 12.79), 51.78% were male, and surgery was for malignancy in 74.35% of patients. The median follow-up was 17.88 months (range: 0.12-192.72 months). Baseline patient characteristics are summarized in Table 1 .
Pancreatic Endocrine Insufficiency
Three-hundred and forty-six (20.15%) patients developed post-operative pancreatic endocrine insufficiency requiring introduction or escalation of pharmacologic intervention. Of these, 217 developed de novo DM, with 136 patients (62.67%) requiring insulin ( Table 1) . One hundred and thirty-one (19.73%) patients with pre-operative DM required escalation of their prior regimen ( Table 1 ). The mean time from surgery to insufficiency was 20.80 + 33.60 (IQR: 0.49-28.37) months with the cumulative incidence demonstrated in Fig. 1 . As shown in Table 2 , univariate analysis revealed that increasing BMI (p < 0.001), family history of DM (p < 0.001), presence of pre-operative DM (p < 0.001), and DP compared with PD (p < 0.001) were significant risk factors for post-operative pancreatic endocrine insufficiency. IDDM insulin-dependent diabetes mellitus, NIDDM non-insulin-dependent diabetes mellitus
In multivariate Cox proportional-hazard models, male sex (p = 0.015), increasing BMI (p < 0.001), history of tobacco abuse (p = 0.011), family history of DM (p < 0.001), presence of pre-operative DM (p < 0.001), and DP (p < 0.001) were identified as independent predictive factors for endocrine insufficiency ( 
Pancreatic Exocrine Insufficiency
Six-hundred and twenty-two (36.23%) patients developed post-operative pancreatic exocrine insufficiency. The mean a b Fig. 1 time from surgery to insufficiency was 14.20 ± 26.90 (IQR: 0.89-12.69) months with the cumulative incidence demonstrated in Fig. 2 . As shown in Table 3 , univariate analysis revealed that older age (p = 0.0084), increasing BMI (p < 0.001), history of tobacco use (p = 0.012), family history of DM (p = 0.012), malignant diseases (p < 0.001), steatorrhea (p < 0.001), jaundice (p < 0.001), weight loss (p < 0.001), high pre-operative bilirubin (p < 0.001), and PD compared with DP (p < 0.001) were significant risk factors for post-operative pancreatic exocrine insufficiency. In multivariate Cox proportional-hazard models, race (p = 0.014), increasing BMI (p < 0.001), family history of DM (p = 0.0072), steatorrhea (p < 0.001), high pre-operative bilirubin (p = 0.019), and PD (p < 0.001) were identified as independent prognostic factors for exocrine insufficiency (Table 3) . Although not analyzed in the overall study cohort, of the 60 patients that were on pancreatic enzyme supplementation prior to surgery, 11 (18.33%) stopped enzymes after resection. We did not find a difference in exocrine insufficiency between standard and pylorus-preserving PD, respectively (16.1% vs. 18.9%; p = 0.32) or between surgery for benign or malignant disease (34.5 vs. 37.2; p = 0.52). Patients on pancreatic enzyme replacement therapy pre-operatively were excluded from further analysis due to the inability to detect change with our definition, the need for new pharmacologic intervention.
Discussion
To our knowledge, this analysis represents the largest series describing the incidence of both endocrine (20.15%) and exocrine (36.23%) insufficiency after pancreatectomy, with mean time to onset of diagnosis and pharmacologic intervention of 20.80 and 14.20 months, respectively. These results were dependent on the clinical diagnosis of endocrine and exocrine insufficiency and may be underestimates, particularly for exocrine insufficiency of which mild and moderate symptoms often go undetected and untreated. In fact, we observed a steady increase in both endocrine and exocrine insufficiency ( Figs. 1 and 2 ), highlighting the importance of pancreatic insufficiency awareness during continued follow-up after pancreatectomy as subclinical symptoms may manifest in additional patients over time. This will only become more relevant as the treatment of pancreatic cancer improves and patients survive longer post-pancreatectomy. Without strict screening protocols, symptoms may take time to declare themselves and providers should be cognizant of post-pancreatectomy functional insufficiencies at subsequent follow-up visits. Our results are congruent with a recent retrospective study that observed documenting only 30-day outcomes misses 78% of pancreatic insufficiency diagnoses after pancreatic resection and recommended at least 90-day follow-up of functional outcomes.
14 Based on our results, post-operative strategies should include regular follow-up with ongoing awareness and a high degree of suspicion for impaired endocrine and exocrine pancreatic function longterm.
Factors such as etiology of disease, extent of resection, nature of disease (benign versus malignant), functional capacity of remnant pancreatic tissue, and reconstruction methods altering intestinal physiology have been described as influential in the development of functional insufficiencies. 15, 16 In the present study, we demonstrated that male gender, increasing BMI, tobacco use, family history of DM, pre-operative DM, and DP correlated with an increased risk of postoperative endocrine insufficiency. Diabetes after pancreatectomy, or de novo DM, was present in 217 patients. One hundred and thirty-six (62.67%) of newly diagnosed diabetics were insulin dependent. Understanding the incidence of post-operative pancreatic endocrine insufficiency is important because a new diagnosis of DM has important health and quality of life-related outcomes with a significantly higher risk for stroke, coronary artery disease, and peripheral vascular disease than the non-diabetic population. 4, 17 Early detection and management may reduce the burden of DM and its complications. The American Diabetes Association recommends screening the general population at 3-year intervals beginning at the age of 45 using fasting plasma glucose or hemoglobin A1C. 18 Post-pancreatectomy patients should be considered high risk for the development of DM and screened more frequently. Patients should be educated about the symptoms of hyperglycemia including polyuria, polydyspia, weight loss, and blurred vision and post-pancreatectomy care should be coordinated with primary care physicians. Of patients with pre-operative type 2-NIDDM, 51.98% experienced worsening of diabetic control, requiring insulin at 1-year follow-up (Table 1) . According to previous reports, 18-60% of pre-operative diabetic patients developed post-operative worsening of endocrine function. [19] [20] [21] This is not unexpected, pre-operative DM likely reflects a vulnerable pancreas, as the gland was not working at full capacity prior to resection. Patients who are diabetic prior to pancreatic resection should be educated of the importance of close glucose monitoring and potential for worsening glycemic control.
In our cohort, DP was correlated with increased risk of developing endocrine insufficiency compared to PD. A retrospective study reported that the incidence rates of postoperative endocrine insufficiency were different for different operative procedures, 31%, 4%, and 19% for DP, PD, and pylorus preserving PD, respectively. 22 The observed higher incidence of endocrine insufficiency after DP may be explained in part by the heterogeneity of islet distribution, with a higher islet volume density in the tail than in the head and body of the pancreas. Race, increasing BMI, family history of DM, steatorrhea, higher bilirubin, and PD were correlated with an increased risk of post-operative exocrine insufficiency. Post-operative exocrine insufficiency induces mal-digestion and malabsorption of nutrients, patients experience symptoms of steatorrhea, abdominal pain, flatulence, weight loss, and malnutrition. Pancreatic enzyme replacement therapy has been the standard of care for post-operative exocrine insufficiency. 16 It is possible that pre-operative steatorrhea and low BMI, two of our predictive factors, reflect patients with undiagnosed preoperative exocrine insufficiency; thus, the increased likelihood of post-operative insufficiency is expected.
As presented in Table 3 , post-operative exocrine insufficiency was observed more frequently in the PD group than the DP group. Kachare et al. also identified a significant difference in post-operative exocrine insufficiency with the rates of 32% and 17% for PD and DP, respectively. 25 Pancreatic head tumors with ductal obstruction often result in atrophy and fibrosis of the remaining pancreas.
14 Our group has previously shown that pre-operative jaundice is a poor prognostic factor in adenocarcinoma of the pancreas. 26 For exocrine insufficiency, documented pre-operative clinical jaundice was identified as a statistically significant risk factor on univariate analysis and elevated bilirubin on multivariate analysis. These values likely give us similar information in different ways, both indicating some degree of ductal obstruction with the potential for gland atrophy and fibrosis.
This difference between operative procedures may be due to the resection and subsequent reconstruction. In addition to resection of pancreatic parenchyma, the cumulative loss of duodenum, accelerated gastric emptying, and intestinal transit of biliary and pancreatic fluids inherent in PD likely contribute to altered pancreatic exocrine function. 15 The duodenum is the principal region for fat digestion and absorption by exogenous enzymes, which are modulated by duodenum-producing substances such as cholecystokinin, secretin, and motilin. 27 In addition, modifications of gastrointestinal anatomy and asynchrony between gastric emptying of nutrients and pancreatic enzyme secretion play a maj o r r o l e i n t h e e s t a b l i s h m e n t o f p o s t -o p e r a t i v e maldigestion. 28 Furthermore, patency of the pancreatic anastomosis, which is only an issue post-PD, has been hypothesized as an important factor in pancreatic exocrine function. In univariate analysis, malignant pathology was determined to be a significant risk factor for development of exocrine insufficiency. Tumor obstruction and administration of chemo-radiotherapy increase fibrosis and pancreatic atrophy, thus decreasing function [14, 26, 27, 30] . In those patients with malignant pathology, 769 (60.69%) received adjuvant therapy. Of these, most received chemotherapy (n = 765, 60.38%) and 364 patients (28.73%) received adjuvant chemo-radiation. These treatment effects did not reach significance in the cumulative group; however, adjuvant therapy may play a role in pancreatic burnout and functionality. It is possible that neoadjuvant treatment may have a more significant effect, specifically radiation [14, [31] [32] [33] [34] . During the cumulative study period, a low number of patients received neoadjuvant treatment regimens at our institution; however, the increasing use of neoadjuvant protocols at our center and worldwide warrants further investigation as to the effect of various chemotherapy, targeted therapy, immunotherapy, and chemo-radiation regimens effect on long-term pancreatic function.
29
Pancreatic insufficiency is a common clinical manifestation after pancreatectomy; yet, long-term risks of pancreatic insufficiencies are not well understood. The incidence of postoperative endocrine insufficiency varies widely in the literature, reported between 3 and 40% (Table 4) . 5, 6, 14, 22, [31] [32] [33] [34] This has limited our ability to precisely define the risk and provide adequate pre-operative patient counseling on the risks of long-term pancreatic endocrine and exocrine insufficiency.
Likewise, post-operative exocrine insufficiency has been reported to range from 12 to 86% (Table 4) . 5, 6, 14, 17, 33, 34 A recent meta-analysis summarized published data of 1295 patients reporting a 22% incidence of endocrine insufficiencies and 34% incidence of exocrine insufficiencies, emphasizing the importance of analyzing functional outcomes postpancreatectomy and the impact of metabolic long-term risks. 35 Our series of 1717 patients represents the largest reported experience on this topic in a modern cohort extracted from a prospectively maintained database with a low incidence of missing data. We also report important time to incidence, which is valuable in guiding awareness and follow-up recommendations for providers.
This study has several limitations. This was a retrospective cohort study in a single institution with all associated risks of unintended bias. Larger prospective studies with standardized protocols are warranted to confirm the validity of these results, including a post hoc analysis of completed prospective studies. Strict functional tests to evaluate pancreatic insufficiency after surgery were not performed and the clinical diagnosis of pancreatic exocrine insufficiency can be quite subjective and dependent on questions asked during hospital discharge and follow-up. For example, BT-PABA-test, fecal elastase test, coefficient of fat absorption, and C-mixed triglyceride breath test are objective methods that have been widely accepted to assess fat malabsorption [14, 17, 28] . Relying on clinical diagnosis potentially underestimated incidence as it is not unusual for mild and moderate symptoms to go undetected when Similarly, not every patient was screened pre-operatively for DM. In this study, including data collected over 15 years, practices in pre-operative DM screening and assessment have also changed over time. Importantly, the complex relationship between development of diabetes and pancreatic cancer represents an active area of research in endocrinology and oncology. There may be uncharacterized dynamics that affect the development of diabetes, often years before the detection of cancer, that could affect these results and our conclusions. Pancreatic functional insufficiencies are common and may develop over time following pancreatic resections. Our data supports close long-term follow-up with clinical screening for signs and symptoms of endocrine and exocrine insufficiency, as well as biochemical work-up including fasting plasma glucose or hemoglobin A1C for DM. Post-pancreatectomy patients are at high risk for the development of DM and should be screened at least yearly following surgery. Objective testing for exocrine insufficiency can be performed as well, if clinically indicated. Use of fecal testing may increase diagnostic yield, as mild and moderate symptoms are often undiagnosed and untreated. Educating patients and primary care physicians may improve capture and help to prevent these patients from going undiagnosed in the long term.
Conclusion
In summary, our analysis is the largest report of the cumulative incidence of pancreatic endocrine and exocrine insufficiency after pancreatectomy. We show incidence rates of 20.15% endocrine and 36.23% exocrine insufficiency following pancreatic resection, with mean time to onset of diagnosis and pharmacologic intervention of 20.80 and 14.20 months, respectively. Patients should be educated regarding postresection insufficiencies and providers should have heightened awareness with long-term follow-up required.
